We provide a systematic study of the isospin composition and neutron-to-proton N Z ratio dependence of nuclear short-range correlations (SRC) across the nuclear mass table. We use the low-order correlation operator approximation (LCA) to compute the SRC contribution to the nuclear momentum distributions for 14 different nuclei from A = 4 to A = 208. Thereby symmetric nuclei are included, as well as a range of asymmetric ones whereby the neutrons outnumber the protons by a factor of up to 1.54. The computed momentum distributions are used to extract the pair composition of the SRC. We find that there is a comprehensive picture for the isospin composition of SRC and their evolution with nucleon momentum. We also compute the non-relativistic kinetic energy of neutrons and protons and its evolution with nuclear mass A and N Z . The LCA framework predicts that the minority species (protons) become increasingly more short-range correlated as the neutron-to-proton ratio increases. We forge connections between measured nucleon-knockout quantities sensitive to SRC and nuclear momentum distributions. It is shown that the LCA provides a natural explanation for the observations, like the fact that in neutron-rich nuclei the protons are responsible for an unexpectedly large fraction of the high-momentum components.
Introduction
Nuclear long-range and short-range correlations (SRC) are marked by different energy-momentum scales. Long-range correlations typically occur at "low" (order of MeV) nuclear excitation energies and as they extend over the size of the nucleus, relatively low nucleon momenta are involved. The majority of high-momentum nucleons, on the other hand, are born in SRC. Inter-nucleon SRC that correct the independent-particle model (IPM) for nuclei for the finite size of nucleons have been introduced ever since the initiation of nuclear physics. One often refers to those correlations as Jastrow or central correlations. SRC have been under the microscope for many years and one of the more recent insights is that the isospin-blind central correlations are not the dominant source of SRC [1, 2, 3, 4] . Thanks to dedicated experimental and theoretical work, there are strong indications that tensor correlations play a dominant role. Due to their isospin dependence they are mostly affecting protonneutron (pn) pairs.
Close to stability, indirect indications for SRC stem from quasi-free A(e, e p) [5] and A(p, pp) data [6] compared to stateof-the-art reaction-model calculations. Indeed, the ratio of measured to computed cross sections σ exp σ th is systematically of the order 0.5-0.7. In weakly bound systems the situation is less clear. The analysis of heavy-ion induced knockout reactions allude to a very strong dependence of the spectroscopic factors on the proton-to-neutron ratio [7] . For heavy-ion induced knockout
Email addresses: Jan.Ryckebusch@UGent.be (Jan Ryckebusch), Wim.Cosyn@UGent.be (Wim Cosyn), Corneel.Casert@UGent.be (Corneel Casert), Jannes.Nys@UGent.be (Jannes Nys) reactions there are some issues with the reaction-model calculations and recent A(p, pp) data [6] do not seem to corroborate these findings with regard to the N Z dependence of the spectroscopic factors. In addition, also long-range correlations have a large impact on the σ exp σ th [8] which complicates the extraction of SRC information from quasi-free single-nucleon knockout data.
The hallmark of SRC is two-nucleon (2N) knockout in peculiar kinematics that probes considerably higher excitation energies of the target nucleus than the aforementioned single-nucleon knockout reactions. Accordingly, 2N knockout studies provide a more direct access to SRC and have been the subject of dedicated studies with electron beams since the late 1990s [9, 10, 11, 12, 13, 14] . Indeed, SRC-susceptible reactions require a probe with high virtuality (to enhance the sensitivity to shortdistance phenomena and suppress contributions stemming from meson-exchange processes), and a trigger that selects scattering from a fast nucleon that is part of a nucleon pair with low center-of-mass momentum and a momentum configuration approaching a back-to-back situation.
The CLAS collaboration at Jefferson Lab has studied a lot of systematic properties of SRC for the four target nuclei 12 C, 27 Al, 56 Fe, 208 Pb. Following the thorough analysis of A(e, e p(N)) and A(e, e n) reactions with those nuclei one could determine the evolution with the nuclear mass number A [15] , gain insight in its neutron-to-proton asymmetry dependence [16] , determine the quantum numbers of the short-range correlated pairs [17] and determine the center-of-mass (c.m.) properties of shortrange correlated pp pairs [18] . As the determination of multidimensional cross sections in large phase spaces is a very tedious task, for the extraction of the physical properties from the data, the collaboration adopts a strategy that very much hinges on the determination of cross-section ratios.
There are different strategies to compute the effect of SRC on nuclear properties for finite nuclei (albeit very insightful we exclude studies on nuclear matter here). For light nuclei, Monte Carlo calculations based on the Schrödinger equation with a realistic inter-nucleon interaction, are feasible for determining the ground-state properties. Due to their enormous computational cost and the curse of dimensionality, those calculations cannot go beyond A = 40 to date [19, 20, 21] . This is also the highest A for which cluster calculations have been reported by the Perugia group [22] . Here, we resort to an effective method for computing the effect of SRC that is applicable across the nuclear mass table and has the advantage that it allows for systematic studies of SRC properties with a reasonable computational cost. Central to our approach is a methodology that allows one to compute the SRC contribution to nuclear matrix elements. The method can be used for the computation of nuclear momentum distributions [23] and in reaction-theory studies for SRC-sensitive processes [17, 24, 25, 26, 27] . In this work we start from single-nucleon momentum distributions for a range of nuclei. As their SRC part is dominated by 2N correlations, a connection can be made to recent results of experimental studies that seek for SRC sensitive processes through the selection of 2N knockout events matching the kinematic conditions of the major SRC contributions to the single-nucleon momentum distribution.
Framework and results
The single-nucleon momentum distribution n [1] (p) for nucleus A is defined as
where r 2−A ≡ r 2 r 3 . . . r A , Ω p is the angular part of p and Ψ is the ground-state wave function of the nucleus under study. In Ref. [23] , a methodology to compute the SRC contribution to n [1] (p) was developed. In a nutshell, the complexity of the calculation is shifted from the wave functions to the operators
where |Φ is a Slater determinant reminiscent of the IPM. Several calculations have indicated that the major sources of SRC correlations are the central (Jastrow), tensor and spin-isospin terms. Accordingly, in our approach the nuclear SRC operator G adopts the form where S and S i j are the symmetrization and tensor operator. In LCA, a truncation procedure is adopted and the SRC-induced corrections to n [1] (p) are two-body operators whereby all terms that are linear and quadratic in the correlation functions are retained (see Fig. 1 ). Thereby, the normalization condition d p p 2 n [1] (p) = A can be preserved. The approach very much hinges on the assumption that short-distance operators between IPM nucleons can account for high-momentum inter-nucleon correlations [28] . All results contained in this paper are obtained with a set of correlation functions that we have systematically used and tuned in SRC-driven reaction studies [9, 10, 11, 17] . The f tτ (r) and f στ (r) correlation functions are from a variational calculation [29] , the central correlation function f c (r) from the G-matrix calculations in nuclear matter [30] . We use harmonic oscillator (HO) single-particle states as they offer the possibility to separate the pair's relative and c.m. motion with the aid of Moshinsky brackets. As the major purpose of this study is to determine the systematic properties, we use the HO parameters from the global parameterization ω = 45.A
. More advanced calculations could find the optimum HO parameter for each specific nucleus but this complication is beyond the scope of the current paper. It has been numerically shown [23, 24, 26, 31, 32] and experimentally confirmed [11, 17] that the major source of SRC strength stems from correlation operators act-ing on IPM pairs in a nodeless relative S state. This can be intuitively understood by noting that the probability of finding close-proximity IPM pairs is dominated by pairs in a nodeless relative S state. Those wave functions are not very sensitive to the details of the mean-field potential. We involve 14 nuclei in the study presented here. Of those, four are symmetric 4 He, 12 C, 16 O, 40 Ca and ten asymmetric.
Thereby, we cover a neutron excess range 1.54 (for 208 Pb). Figure 2 displays the momentum dependence of the n [1] (p) as computed in the LCA. The results illustrate that a clear scale separation between a "low" and "high" nucleon momentum regime can be made. For the heavier nuclei there is some distinct intermediate momentum regime 1.25 p 2 fm −1 . The IPM part is defined by momenta smaller than the Fermi momentum p F = 1.25 fm −1 and is characterized by a clear nuclear mass dependence. From 12 C onward, the n [1] (p < p F ) increasingly resembles the one for a Fermi gas with growing mass number A. At nucleon momenta p 2 fm −1 the n [1] (p) are fat-tailed and this characterizes the SRC part of the momentum distribution. Across all nuclei the tails of the momentum distribution are just scaled versions of one another. One can infer that the same generating mechanism is at play across all nuclei. In Ref. [23] we identified this mechanism as correlation operators acting on IPM pairs in a nodeless relative S -wave that account for about 90% of the strength in the correlated part of the n [1] (p). The observation that the momentum dependence of the fat-tailed part of n [1] (p) is universal (modulo a scaling factor) is often referred to as the universality of SRC [2, 22, 33, 34, 35, 36, 37] . From Fig. 2 we infer that the fat tail of the single-nucleon momentum distributions decreases exponentially with p, a feature that can be understood on general grounds [38] .
Of great relevance for reactions involving nuclear targets is the probability distribution P(p) to find a nucleon with momentum p. It is given by P(p) = p 2 n [1] (p)/A. Figure 3 shows the computed P(p) for six selected nuclei. Below the Fermi momentum, the nuclear P(p) is Maxwell-Boltzmann like. Obviously, the SRC induce fat tails to the P(p). In comparison to the IPM, the probability of finding a very fast nucleon is many orders of magnitude larger after including SRC. The SRC also reduce the probability of finding a "slow" nucleon. We have checked in how far the results for the fat tails of P(p) computed with ab-initio Quantum Monte-Carlo (QMC) methods by the Argonne group [20, 21] and LCA are comparable. Not surprisingly, the strongest deviation between the LCA and Argonne results are observed for the light nucleus 4 He. For 16 O and 40 Ca (the heaviest nucleus for which QMC results are available), the QMC and LCA predictions for the fat tails are comparable. At the highest nucleon momentum considered in this work (p 4.2 fm −1 ) the LCA results systematically overshoot the QMC ones. This can be attributed to the fact that at momenta approaching the nucleon mass there is a strong sensitivity to the central correlation function g c (r 12 ). Following an analysis of 12 C(e, e pp) results from Mainz [9] that excluded soft central correlation functions, we use a g c (r 12 ) that is compatible with those data and is considerably harder than the one used in the QMC calculations. We stress that LCA does not account for long-range correlations that are an additional source of strength in the low-momentum part of the fat tail (p ≈ 2 fm −1 ). All by all it is remarkable that a good representation of the momentum dependence of the probability distributions can be obtained in a model that corrects the IPM for SRC between pairs of nucleons. This is further illustrated with the cumulative distribution functions (CDF) of P(p) in Fig. 4 . For lead about 80% of the nucleons have a momentum lower than the Fermi momentum. Remarkably, for oxygen and calcium the LCA and QMC CDFs are very similar. [15] . Those measurements aggregate semi-inclusive A(e, e p) events with two correlated nucleons and a proton momentum in the range 1.5 < p < 3 fm −1 .
Of high relevance for the study of the isospin composition of SRC is that the momentum distribution of Eq. (1) can be written as a sum of four terms
n (p) (neutron part)
.
The n [1] pn and n [1] np are both proton-neutron contributions. The difference is that the first type has a leading proton and the second type a leading neutron. The leading nucleon is the nucleon that is tagged at the positions r 1 and r 1 in Fig. 1 . The n [1] p (p) and n [1] n (p) express how much the protons and neutrons contribute to the single-nucleon momentum distribution at a momentum p.
The relative contribution of NN pairs to n [1] at a given nucleon momentum p is determined by
The LCA contributions to r NN (p) are schematically shown in diagrams (b)-(e) of Fig. 1 . Figure 5 displays the LCA predictions for the nucleon momentum dependence of the r pp , r nn , r np + r pn for the four target nuclei that have been the subject of the investigations of the CLAS collaboration at Jefferson Laboratory [15, 16, 17] . In the IPM regime (loosely defined as p < p F ), the pair composition of the momentum distribution displays rather little momentum dependence and the values for the r NN are compatible with the naive IPM expectations
In the fat tail, on the other hand, the pair composition of the n [1] (p) has a characteristic momentum dependence across all nuclei. At the low momentum side of the fat tail (2.0 p 2.75 fm −1 , shaded area in Fig. 5 ), pn pairs systematically account for 80-90% of the strength. In that momentum range, pp and nn pairs each account for about 5-10%. This is reminiscent of the fact that tensor correlations dominate for 1.5 p 3 fm −1 . This means that np-SRC create the majority of the high-momentum protons and neutrons in nuclei. The effect of the isospin-blind central correlations becomes substantial at p 3.5 fm −1 and this is reflected in the corresponding r NN (p) [14, 23] .
The above indicates that the pp and pn SRC pair fractions are momentum dependent. As the tail parts of the momentum distributions are exponentially decreasing functions, semiexclusive A(e, e pN) measurements in p > p F kinematics mainly probe the low p part of the SRC region. In those regions we find that r np + r pn ≈ 0.9 and r nn + r pp ≈ 0.1. Accordingly, the LCA method predicts that ≈90% of correlated pairs is pn, and ≈5% is pp. Moreover, there are only smooth variations of those numbers across the nuclear mass table and this prediction is in line with the experimental results reported in Ref. [15] .
The second moment of the n [1] (p) is connected with the expectation value of the non-relativistic kinetic energy. The average proton kinetic energy can be readily computed from the pair contributions to n [1] (p) defined in Eq. (4)
where m p is the proton mass. A similar expression holds for T n . Λ is a ultraviolet momentum cutoff for which we use a value lower than the nucleon mass (Λ = 4 fm −1 ). The CDFs of Fig. 4 indicate that at Λ = 4 fm −1 almost all probability is exhausted. The results for T p and T n and their ratio are contained in Fig. 6 for all 14 nuclei of Fig. 2 . We have computed the T N in the IPM and the LCA. We find that across the nuclear mass table the SRC accounts for about 40% of the T N . With respect to the difference between T p and T n we find that the IPM results are fully in line with the expectations: the majority species has the largest value. After including the SRC, however, the situation is reversed with the minority species (protons) having the largest kinetic energy. In other words, per nucleon the minority species (protons) are more short-range correlated than the majority species. In other words, the SRC induce inversion of kinetic energy sharing. The cluster variational Monte Carlo calculations for 40 Ca of Ref. [21] are available for two choices of the inter-nucleon interaction and result in T N = 30.34 ± 1.60 MeV (AV18+UIX) and T N = 32.54 ± 1.94 MeV (AV18). Those calculations integrate the momentum distribution up to p = 10 fm −1 and fully include the effect of long-range correlations. For 40 Ca, after accounting for SRC in LCA we find T p = T n = 27.75 MeV.
The results for the ratio T n / T p in the lower panel of Fig. 6 , indicate that the weight of the minority component in the fat-tailed (SRC) part of n [1] (p) strongly depends on the neutronto-proton ratio N/Z and is heavily affected by the short-distance dynamics. Indeed, in a naive Fermi-gas model one predicts that give rise to a positive α that is considerably smaller (α ≈ 0.3). After correcting for SRC, one finds values that are negative (α ≈ −0.08). This is a very nice example of a physically relevant quantity that receives huge corrections from SRC [39] . In the forthcoming, we will discuss how one can obtain more detailed information about this phenomenon that is essentially related to the relative weight of the protons and the neutrons in the momentum distribution in the IPM and the SRC region. Experimental information about this phenomenon could recently be obtained [16] by comparing A(e, e p) en A(e, e n) results at low and high missing momenta for the four target nuclei 12 C, 27 Al, 56 Fe, 208 Pb. These measurements provided pivotal information about the neutron-to-proton asymmetry dependence of the nuclear SRC. We now discuss in how far the predictions obtained in the LCA approach to nuclear SRC comply with the measurements. In our discussions we include the four target nuclei that were subject of the experimental investigations, as well as the 10 other nuclei for which the momentum distribution has been obtained (see Fig. 2 ). We investigate in how far the LCA can reproduce the measured 
A(e, e n)/A(e, e p) (p > 2 fm −1 ) EXP: A(e, e n)/A(e, e p) (p < pF ) p (p) and,
The relative weight of the protons and the neutrons in the momentum distribution can be "measured" by evaluating the ratio of the electroinduced neutron-to-proton knockout cross sections in a detector that approaches a "4π" topology (so that a very large fraction of the phase space gets probed). This amounts to evaluating a cross-section ratio of the form σ ep σ en σ A (e, e n) σ A (e, e p) ∼ Probability to find a neutron in A in p range Probability to find a proton in A in p range .
(9) Here, σ ep (σ en ) denotes the off-shell electron-proton (electronneutron) cross section and σ A (e, e N) is the cross section for N knockout aggregated over a certain initial-nucleon momentum range. The neutron-to-proton ratio of Eq. (9) has been evaluated at "low" and "high" missing momenta by the CLAS Collaboration at Jefferson Lab [16] and the data are included in Fig. 7 .
Assuming that final-state interactions equally affect neutron and proton knockout, the theoretical counterpart of the ratio 9 reads
Following the experimental cuts used for the results of Ref. [16] , the "IPM" region is defined through p l = 0 ≤ p ≤ p h = p F = 1.25 fm −1 and the "SRC" region through p l = 2.0 ≤ p ≤ p h = 5.0 fm −1 . In Fig. 7 we display the computed asymmetry dependence of the relative weight of neutrons and protons in the n [1] (p) in the IPM and SRC regimes. Obviously, the relative weight of the protons and neutrons is very different in "IPM" and "SRC" regions of the nuclear momentum distributions. Indeed, from Fig. 7 it is clear that the ratios of Eq. (10) have a linear dependence on the neutron-to-proton excess that is different for the IPM and SRC regions. In the IPM regime, corresponding with the bulk part of the momentum distributions, the computed ratio follows the naive expectation clearly pointing to the fact that the relative weight of the minority component is significantly larger than naive expectations. In the SRC regime, the protons in Pb are punching approximately 35% above their weight.
The predictions for the ratios of Eq. (10) neutrons account for an almost equal share of the momentum distribution. Our predictions reproduce the trend of the minority species systematically gaining a lot of weight relative to the majority species with increasing neutron-to-proton ratio, but the predicted tendency is somewhat weaker than the data seem to suggest.
A measure that can be anticipated to reveal physics about the weight of the protons and neutrons in the bulk (p p 
The above results suggest a different behaviour for protons and neutrons as one changes (12) Results are displayed in the bottom panel of Fig. 7 . The predictions for protons and neutrons are clearly different and seem to follow the trends from the data.
Summary
We have presented a systematic study of specific features of SRC. Our study includes 14 nuclei, including 10 asymmetric ones and adopts the low-order correlation operator approximation (LCA). The LCA starts from the idea that the majority of SRC corrections to the IPM are of the 2N type. We have presented results on (i) the single-nucleon momentum distributions for all those nuclei; (ii) the nucleon momentum and nuclear mass dependence of the isospin composition of SRC; (iii) the proton-to-neutron ratio dependence of SRC; (iv) the nuclear mass and proton-to-neutron dependence of the non-relativistic kinetic energy for protons and neutrons.
It is shown that the LCA predictions for the fat tail of momentum distributions are in line with those of ab-initio approaches that are available for A ≤ 40. An attractive feature is that the LCA can be applied to nuclei across the nuclear mass table and is suitable for systematic studies of for example the isospin and proton-to-neutron ratio dependence of SRC. We have included a comparison between the LCA predictions and data stemming from SRC searches with electroinduced proton and neutron knockout reactions. We have shown that nuclear SRC can be captured by universal and robust principles. and that the LCA is an efficient way of computing the SRC contributions to the single-nucleon momentum distributions.
There are sizable isospin and neutron-to-proton asymmetries in the SRC though. A proton embedded in a neutron rich nucleus is subject to increasingly stronger SRC corrections, which amplifies its weight in the fat tail by a considerable amount. We consider our model as a zeroth order model suitable for systematic studies over large ranges of nuclei and proton-to-neutron ratios. We find a fair consistency between the predictions and the recent experimental results for the nuclear mass and isospin dependence of SRC. Our study provides further evidence for the fact that SRC induced spatio-temporal fluctuations in nuclei are measurable, are significant and are quantifiable.
